Chronic uncontrolled hyperglycaemia leads to increased oxidative stress and lipid peroxidation resulting in vascular complications and accelerates the progression of diabetic atherosclerosis. Though varieties of modern drugs used in the treatment of diabetes, the complications of diabetes are increasing. Naringenin (NG), has been reported to have potent antioxidant and anti-atherosclerotic properties. However, the effects of NG as vasculoprotective agent in prolonged hyperglycaemia are not well documented. Thus, this study was aimed to determine the effect of NG against vascular changes after prolonged hyperglycaemia in a diabetic rat model. Thirty adult male Sprague-Dawley rats were induced with fructose and streptozotocin to develop the diabetic rat model. After 4 weeks, the rats were randomly divided into 5 groups each group consisting of 6 animals: control, control treated with NG, non-treated diabetes mellitus (DM), DM treated with NG and metformin-treated DM. The treatment with NG (50 mg/kg) and metformin were continued for 5 weeks. The results showed that consumption of NG at 4 weeks post diabetic did not improved blood sugar, blood pressure and serum lipid profile. However, NG did significantly improve oxidative stress parameters in the aortic tissue like malondialdehyde (MDA). Analysis through light microscopy and transmission electron microscope (TEM) reverted the histological changes caused by prolonged hyperglycaemia. The findings thus demonstrated that introduction of NG after prolonged exposure to hyperglycaemia improved the vascular deterioration in diabetic group by decreasing oxidative stress evident by the reduced in the lipid peroxidation activity. Thus, this study showed the potential use of NG as adjunct in managing the diabetic condition during late presentation.
Introduction
The global prevalence of diabetes mellitus (DM) in 2017 has reached 425 millions and this figure is expected to rise in the coming years (1) . Chronic uncontrolled hyperglycaemia leads to macrovascular and microvascular complications of diabetes such as vasculopathy. Vascular changes related-DM causes increase morbidity and mortality that significantly contributes to the overall health economics and productivity of a country (2) .
The pathogenesis of diabetic complications is complex (3) . Many hypothesized aetiologies had attributed it to the disease process including overproduction of free radicals (4) . The imbalance between oxidant and antioxidant reactions produces excessive reactive oxygen species and reactive nitrogen species thus increase in oxidative stress. Exposure of vascular wall to the free radicals in chronic hyperglycaemia causes injury to the endothelial cells. Chronic hyperglycaemia also causes reduction in the circulating nitric oxide (NO) secreted by the endothelial cells which triggers endothelial injury by altering the vascular tone (5) and increased peroxynitrite, a potent free radical derived from nitric oxide (6) .
Dyslipidaemia as a result of chronic DM has contributed to the development of atherosclerosis in diabetics (7) . Increased thickness of tunica intima due to endothelial injury is further enhanced by increase in the low density lipoprotein (LDL) and reduction in the high density lipoprotein (HDL) levels in diabetes. Thickening of both tunica intima and media in type 2 diabetes mellitus (T2DM) leads to increased cardiac output which later can be resulted in hypertension (8) , in addition to the impaired vascular tone secondary to the reduced availability of circulating NO.
Over the years, modern drugs have been the mainstay of treatment for DM for example, in T2DM, metformin remains as one of the first line drugs in treating DM. Nevertheless, the side effects which include lactic acidosis from metformin can be fatal to patients especially the elderly (9) . Newer antidiabetic drugs such as thiozolidinedione is also associated with increased risk of developing cardiac disease (10) . Despite the availability of various antidiabetic drugs, the complications of DM is still increasing (11) . Furthermore, untoward side effects of the drugs warrant an alternative treatment that must be explored. Naringenin (NG), one of the flavonoid which is found in plants and citrus fruits, has been studied widely in due to its potential actions against diabetes (12) . NG is found in daily local diet in Malaysia and possesses multiple therapeutics properties such as anti-hypertensive, anti-inflammatory (13) , antidyslipidaemia (13) , anti-atherosclerotic (14) and antioxidative (15) . Effects of NG in diabetic vessels has also been investigated. For an example, Bei Ren et al. had showed that NG improved glucose and lipid metabolism and as well as ameliorated endothelial dysfunction in type 2 diabetic rat model when given 1 week after confirmation of DM (16) . Many other studies have also investigated the effects of NG on various organs and reported positive outcomes when NG treatment was started immediately from the time of DM development. Nevertheless, its effect on the diabetic vessels after prolonged exposure to uncontrolled hyperglycaemia is not known. Therefore, the aim of the study is to investigate the effects of NG on the diabetic vessels in prolonged (4 weeks) uncontrolled diabetic.
Materials and Methods

Animals
This study was approved by Universiti Teknologi MARA Animal Ethics Committee. Thirty (n = 30), Sprague-Dawley rats weighing 200-250 g were used. Each rat was caged individually in a controlled temperature and humidity. The temperature was set between 25-28°C with 12 h light/dark cycle. The rats were fed with commercially available rat chow diet (Gold coin, Malaysia) and drinking water ad libitum.
Research framework
After 1 week of acclimatization, rats were randomly divided into control (n = 12) and experimental groups (n = 18). Weight, blood pressure and random blood glucose were measured as baseline values. In experimental group, all the rats were induced with diabetes according to the method described by Wilson et al. in 2012 (17) . Briefly, 10% of fructose was given to the experimental group of rats in drinking water for 2 weeks and then, a single intramuscular injection of 40 mg/kg body weight of streptozotocin (STZ) (98% from Santa Cruz, USA) diluted in citrate buffer (18) was given. Control groups received normal drinking water and was injected with citrate buffer as placebo. Three days following STZ injection, a random blood glucose (RBG) was measured using glucometer (Oncall-plus, Germany) at the tail vein. Rats with RBG level of more than 16.5 mmol/ L was considered as diabetics (19) . After 4 weeks of DM induction, the rats were further subdivided into 5 groups; control (Ctr) and control-treated with naringenin (Ctr-NG), non-treated diabetic (DM-Ctr), diabetic treated with metformin (DM-MTF) as positive control group and diabetic treated with naringenin (DM-NG). Weight, blood pressure and random blood glucose were measured prior to treatment as pre-treatment values. The treatment was continued for 5 weeks using oral gavage. The dose of NG 50 mg/kg (20) and metformin 150 mg/ kg (21) were used in the present study. One day before the end of the experiment, weight, random blood sugar and blood pressure were measured as post-treatment values. At the end of the experiment, the rats were fasted overnight and anaesthesized with diethyl ether. Cardiac puncture was performed to collect the blood for fasting lipid profile. Overdose diethyl ether was used for euthanisation. The aorta were harvested from the rats for further biochemical and histological examinations.
Blood pressure measurement
Systolic blood pressure (SBP) and diastolic blood pressure (DBP) measurements were taken at after 4 weeks of hyperglycaemia as pre-treatment and at 5 weeks following treatment as post-treatment time. Non-invasive tail-cuffed method was used using CODA system (Kent Scientific, USA). All rats were acclimatised prior to BP measurement by putting the rats in the BP tube 15 min before to the procedure in conscious state. An average of 3 readings were taken for each measurement.
Measurement of fasting serum lipid profile
Fasting lipid profile which consists of total cholesterol tissue using a commercial kit (Sigma-Aldrich, German). The assay is based on the reaction of MDA with thiobarbituric acid (TBA) to form a colorimetric product which is proportional to the MDA present. Aortic tissue was collected, weigh and was homogenized in 300 mL of the MDA lysis buffer and 3 mL of butylated hydroxytoluene (BHT). The solution was centrifuged at 13,000× g for 10 min. The supernatant (200 µL) from each homogenized sample were placed into a microcentrifuge tube and proceeded to assay reaction. MDA standard solution was prepared according to the manufacturer protocol. MDA standard solution (600 µL) was added into each vial containing homogenised tissue sample. The samples were incubated at 95°C for 60 min and cooled to room temperature in an ice bath for 10 min. Approximately 200 µL of reaction mixture was pipetted into a 96 well plate for analysis. The absorbance was measured at 532 nm (A532) using Perkin Elmer 2030 Multilabel Reader Victor TM X5 machine and expressed in nanomoles per gram of protein.
Determination of nitric oxide (NO)
Nitric oxide was determined using Quantichrome Nitric oxide Assay Kits (BioAssay System, USA). Aortic tissue samples (10 mg) were homogenised in phosphate buffer solution and centrifuged at 14,000 rpm at 4°C. The supernatant were taken and deproteinated using 8 μL ZnSO4. The mixture of 150 µL supernatant of sample were vortexed and 8 µL NaOH and vortexed again. The mixture were centrifuged for 10 min at 14,000 rpm. The final 100 µL of supernatant were collected and used for the reaction assay. Working reagent (WR) and standard solution were prepared according to manufacturer protocol. WR was added to every standard solution and samples. The mixture of WR and samples or standards in reaction tubes were incubated for 10 min at 60oC. Then, the reaction tubes were centrifuged and 250 µL of each reaction were separated to the 96 well plate. The optical density (OD) was read at 540 nm using Perkin Elmer 2030 Multilabel Reader Victor TM X5 machine.
Statistical analysis
The data are presented as the means ± standard deviation (SD). Statistical analysis was carried out by using ANOVA followed by Bonferroni post-hoc test. A value of p < 0.05 was considered to be significant. All statistical analysis was performed using the SPSS statistical package version 24.0 (SPSS Inc., Chicago, USA).
Results
Confirmation of diabetes
After induction of diabetes, all rats exhibited clear signs (TC), triglycerides (TG), high density lipoprotein (HDL) and low density lipoprotein (LDL) were measured at post-treatment and compared between each group. Blood was taken via cardiac puncture following anaesthesia with diethyl ether. The collected blood samples were sent to Gribbles Sdn Bhd Malaysia for further analysis.
Collection of tissues
After 5 weeks of treatment, all rats were euthanised using overdose diethyl ether. Both arch of aorta and thoracic aorta were taken for histological and biochemical analyses, respectively. For the arch of aorta, approximately 2 mm 3 of the proximal part was taken for transmission electron microscope analysis.
Microscopic analysis
Light microscopy
The arch of aorta was fixed in 10% formaldehyde and all the samples were processed for histological analysis. Tissue was cut using the microtome (Microm, USA) at 5 µm thickness and stained with haematoxylin and eosin for standard histological observation, and alcian blue to observe mucopolysaccharides deposit in the aortic tissues. For histomorphological analysis, the thickness of tunica intima (TI), tunica media (TM) and the ratio between TI and TM were measured by using an image analyzer software (ImageJ, an open resource developed by National Institutes of Health). Four measurements per image were obtained at 0°, 90°, 180° and 270° and the means were calculated (22).
Transmission electron microscopy (TEM)
Arch of aorta from all rats was cut into 2 mm 3 size. The tissues were washed with 0.9% normal saline and fixed with 2.5% glutaraldehyde in phosphate buffer solution (PBS). Then, the tissue was rinsed with distilled water and 2% osmium tetraoxide in distilled water. The tissues were dehydrated using a series of different concentrations of acetone. Infiltration and polymerisation were performed using acetone/resin and pure resin respectively. After polymerization, the specimens were sectioned with a glass knife, stained with toluidine blue solution and further sectioned with diamond knife at 90 nm cut. The specimens were viewed under transmission electron microscope (Tecnai G2 model, FEI, USA). MDA was measured as oxidative marker in the aortic of overt diabetes in comparison with non-induced rats. The induced rats suffered frequent urination (polyuria) and high fluids and food intake i.e. polydipsia and hyperphagia respectively. They were also noticed to become hypoactive and more lethargic, evidenced by the reduced activity upon handling and less movement upon changing of bedding. It was observed that treatment with NG did not improved the morphology, character and behaviour of the diabetic rats. The weights in diabetic rats were not increased in treated and untreated rats as shown in Figure 1 .
At post-treatment time (Figure 2) , RBG in the DM-Ctr group ( (Figure 3 ).
Fasting serum lipid profile
Fasting lipid profiles were evaluated following 5 weeks of treatment with NG when it was consumed at 4 weeks post diabetic. There were no significant changes observed in all diabetic rats groups in terms of total cholesterol, triglycerides, low density lipoprotein and high density lipoprotein levels when compared to the untreated diabetic rats (DM-Ctr group) (p > 0.05). The lipid profiles of non-diabetic rats treated with NG (Ctr-NG) also showed no significant difference (p > 0.05) compared with the untreated non-diabetic rats (Ctr). These finding suggest that consumption of NG at 4 weeks post diabetic for 5 weeks had no significant effect on fasting serum lipid profile in diabetic animals ( Table 1 ).
MDA and NO levels of aortic tissue
MDA level was measured in the aortic tissue (thoracic aorta) as an indicator for lipid peroxidation activity. DM-NG group exhibited significantly decreased (p < 0.05) MDA level (0.79 nmol ± 0.02 nmol/mg) compared to the DM-Ctr group (0.84 ± 0.02 nmol/mg). However, the diabetic group treated with metformin (DM-MTF) showed no significant difference compared to DM-Ctr group. No significant changes were observed between NG-treated and untreated non-diabetic rats group (Table 2) .
NO level in aortic tissue (thoracic aorta) was measured at the end of the study according to the protocol described by the manufacturer. It was observed that NG-treated DM rats (DM-NG group) showed no significant changes in NO level compared to the untreated group (DM-Ctr) (p > 0.05). Similarly, DM-MTF group also showed insignificant change in NO level (p > 0.05) compared to control. In the non-DM rats (Ctr and Ctr-NG), treatment with NG did not show any significant changes in NO level ( Table 2 ).
Histomorphometry and histological analysis
In the present study, the thickness of tunica intima (TI) and tunica media (TM) were measured under haematoxylin eosin (H&E) staining which is routine histological staining to observe the morphological feature of a tissue. The measured thickness TI and TM were compared with untreated diabetic group (DM-Ctr) and the ratio between TI:TM were calculated. There was significant increase (p < 0.05) in TI thickness in the untreated diabetic rats (DM-Ctr group). Following 5 weeks of treatment with NG, the thickness of TI and TM were reduced in the diabetic rats compared to DM-Ctr group. Similarly, treatment with metformin reduced the TI thickness but not the TM. In addition, there was no significant difference observed in the ratio between TI and TM in all groups (Table 3) .
There was loss of endothelial cells and disruption of internal elastic lamina in TI observed in the untreated DM rats on H&E staining (Figure 4 ). TM elastin was also observed to be less tortuous compared to the untreated non diabetic group. Sublamina area showed high proliferation of vascular smooth muscle cells. After treatment with NG, these distorted morphological features seen in the untreated diabetic rats were lessen, and instead similar features to the non-diabetic rats were observed. The DM-NG group showed presence of normal endothelial cells in TI, prominent internal elastic lamina along with increased in the tortuosity of the elastin. Similar features were also observed in DM-MTF group.
Alcian blue staining was used to stain the connective tissue particularly acid mucopolysaccharides. In the present study, there was increased deposition of acid mucopolysaccharides (blue in colour) in DM-Ctr group ( Figure 5 ). However, DM-NG group showed less deposition of acid mucopolysaccharides along with normal architecture of aortic tissue. Similar features were observed in the DM-MTF group. These histological findings revealed that treatment with NG after 4 weeks exposure to the uncontrolled hyperglycaemia improved the morphological deterioration of aortic tissue in diabetic rats.
TEM analysis
The ultrastructural features of endothelial cells in tunica intima, extracellular matrix in the subendothelial region, internal elastic lamina and smooth muscle cells in tunica media were observed under TEM and the results are shown in Figure 6 . There were no ultrastructural differences observed in treated and untreated nondiabetic rats (Ctr-NG and Ctr, respectively). Endothelial cells were intact and internal elastic lamina was not disturbed. Smooth muscles cells were normally distributed. However, DM-Ctr group showed some area of desquamation along the intimal region. Retracted endothelial cells were seen and possessed irregular distributions. The notable morphological changes in the intimal layer showed endothelial injury. The appearance normal structure of internal elastic lamina layer was loss. Irregular shaped of smooth muscle 
Discussion
Studies on prolonged hyperglycaemia in diabetic rats has used various duration to define chronic hyperglycaemia. Some studies defined chronic hyperglycaemia as 2 weeks (23) (20, 23) . Thus this study was aimed to evaluate the effectiveness of NG at a longer post diabetic period i.e. 4 weeks before the introduction of treatment.
The present study used an established diabetic model described by Wilson et al. using fructose and low dose STZ (28) . All the rats in the experimental groups (DM-Ctr, DM-NG and DM-MTF) remained diabetic where the RBG was persistently more than 16.5 mmol/ L throughout the experiment prior introduction of NG. The rats were left in non-treated condition for 4 weeks prior starting the treatment. Treatment with NG in the diabetic group did not significantly reduced the blood glucose level. This finding is in contrast to other reported result where immediate treatment with NG on diabetic experimental animal significantly reduced the blood sugar (29) . Delay in starting treatment had proven to take a longer time to regulate the blood glucose (30) . Therefore, longer exposure of the cells to the hyperglycaemic condition caused increased in oxidative stress thus more difficult in treating the hyperglycaemic conditions (31) . Prolonged hyperglycaemia is also known to affect the prognosis and outcome of patients as delay in the intensification of treatment might increase risk in developing cardiac event that could lead to fatality (32) . In this study, metformin treatment also showed no significant reduction in blood glucose. This may suggest the possible need for multiple drugs modalities to treat prolonged hyperglycaemia. There is also a need to determine if a higher dose of NG could reduce the blood sugar in chronic state of diabetes.
Complications of DM was reported to result from the imbalance between antioxidant and oxidant reactions. Increased in secondary metabolites due to chronic hyperglycaemia lead to the overproduction of superoxide in the endothelial cells (7) thus triggering the oxidative stress in the tissue. Such increase in oxidative stress condition causes endothelial cells injury and promote vascular injury and later on atherosclerosis. On the other hand, NG is one of the flavonoids abundantly found in citrus fruits. It has multiple therapeutics properties against chronic diseases like DM. Apart from being able to improve diabetic condition (33) , NG is also known to be effective against atherosclerosis accelerated by diabetic condition (34) . However, in such experiment, NG was being introduced at different intervals from the time of the confirmation of diabetes. In this present study, effects of NG on the general condition including weight, blood pressure, serum lipid profile and histological changes of diabetic aortic tissue in a prolonged diabetic were evaluated.
Immediate introduction of NG to the experimental animal seem to report different results. A study by Sandeep et al. (35) showed that NG attenuated the loss of weight in the diabetic animal while another study had shown NG to have no significant effect on the weight (16) . At 2 week post diabetic, NG administration showed no improvement of weight in the diabetic animal (23) . In this present study, introduction of NG at 4 weeks post diabetic did not significantly affect the weight of the diabetic animal. This result might be due to the condition of the affected animals whereby chronic hyperglycaemia has put the experimental animals into catabolic state. The imbalance between catabolic and anabolic state caused the diabetic rats to lose muscle weight with addition of dehydration hence preventing weight gain.
Blood pressure in diabetic patients tend to rise with prevalence of 30% and 60% for type 1 DM and type 2 DM respectively (36) . This is partly due to the atherosclerotic process which is accelerated in diabetes (37) . Consumption of NG in diabetic rats as part of the prevention of hypertension, did not show significant changes on the blood pressure (14) . However, another study had found that, naringin (aglycone NG) did significantly reduce systolic blood pressure in diabetic animals when it was introduced immediately in metabolic syndrome rat model (38) . The present study showed that introduction of NG at 4 weeks post diabetic did not significantly improved either systolic or diastolic blood pressure.
Serum lipid profile is commonly affected in diabetes (39) . Uncontrolled hyperglycaemia causes increased in the glycosylation and oxidation which affect the lipoproteins and contributes to the development of atherosclerosis in diabetes (36) . Effects of NG on serum lipid profile had shown positive outcomes whereby consumption of NG by the diabetic animal immediately from the time of diagnosis improved serum lipid profile compared to non-treated diabetic animals (16) . At 10 days post diabetic, consumption of NG by the type 2 diabetic animal model caused alleviation of triglycerides and high density lipoprotein (40) . However, in this study, 5 weeks of NG consumption by the diabetic animal did not significantly improve lipid profile caused by prolonged uncontrolled hyperglycaemia.
The effects on NG on MDA and NO levels in diabetic aortic tissue were determined. MDA is one of the final products of lipid peroxidation of the unsaturated fatty acids in the cell membrane. It is commonly known as a marker for oxidative stress (41) . In a diabetic setting, imbalance of antioxidant and oxidant reaction increases the production of MDA. NG is a well-known antioxidant that was shown to reduce lipid peroxidation in the liver, kidney, and pancreas (15, 42) . However, the effects of NG on the level of MDA in the diabetic aortic tissue when the given earlier than 4 weeks post diabetic is not yet available up to the time of writing. In this study, we had found that consumption of NG at 4 weeks post diabetic reduced MDA level in the diabetic aortic tissue. This result supports the existing facts on NG which is not only effective as antioxidant when introduced immediately after the confirmation of diabetes, but may be useful in the managing diabetes when the patients presented late. NO is secreted by the vascular endothelial cells and acts as key regulator in maintaining the vessel tone (5, 6) . However, NO may interact with superoxide radicals which is increased in hyperglycemia to produce peroxynitrite, a potent oxidant radical. Accumulation of peroxynitrite may trigger endothelial injury and accelerate atherosclerotic process (43) . In vitro studies on NO had shown that NG prevented the decrease in NO level in diabetic cells (16, 44) . Introduction of NG at 1 week post diabetes showed improvement in the availability of NO in the diabetic aorta compared to non-treated diabetic aorta (27) . Another report showed that consumption of 50 mg/kg body weight of NG after 2 weeks of confirmation of diabetes, had reduced the level of NO in diabetic sciatic tissue (20) . Similar results was shown in another study where NG introduced at 4 weeks post diabetic showed reduction in the NO level in the diabetic brain tissue (24) . The present study showed that the effect of NG on the diabetic aortic tissue after consumption of NG at 4 weeks post diabetic to be not significant. Looking at the various reports on the effect of NO when introduced at different interval post diabetes, we can observe the paradox phenomenon of NO in diabetic setting. It was reported that superoxide produced following hyperglycaemia activated other pathway that caused increased in the expression of inducible nitric oxide (iNOS), thus the net production of NO. However, in chronic hyperglycaemia, more superoxide anions is produced and present in high concentrations. Superoxides interact promptly with newly produced NO to form stronger oxidant which is peroxynitrite and cause decline in the availability of NO in the endothelial cell itself (45) .
NG that was introduced to the experimental animal at different intervals once the metabolic abnormality was confirmed exhibit positive results in histomorphometrical analysis. For instance, the effect of NG when introduced as supplementation prior the development of the metabolic syndrome rat model had demonstrated improved endothelial injury effect on the vessel wall (14, 34) . Similar result was reported when NG was introduced at 1 week post diabetic, whereby histological analysis by light microscopy and TEM showed less injury to the aorta of the diabetic rats compared to untreated diabetic group (16) . In this study, consumption of NG for 5 weeks at 4 weeks post diabetic caused significant reduction in the thickness of tunica intima and media with reduced the collagen deposition in the vessel wall of the diabetic aorta compared to the untreated diabetic group. Effect of NG can be clearly seen in TEM even after delayed treatment i.e. 4 weeks following the confirmation of diabetes.
In conclusion, effect of NG when introduced at 4 weeks post diabetic, for 5 weeks resulted in reduction of oxidative stress evident by the reduce lipid peroxidation activity in diabetic group. It also improved the histomorphological changes of the aortic tissue in chronic diabetes. These findings are comparable to the effects of NG when it was given immediately after the diagnosis of diabetes. However, the effect of NG as antihyperglycemic and antilipidemic when it was introduced after 4 weeks of uncontrolled hyperglycaemia was not evident in this study compared to the earlier study whereby NG is effectively reduced the blood glucose and improved serum lipid profile when introduced at the beginning of the diabetic disease. Administration of NG after 4 weeks diabetes also did not affect the level of NO in the diabetic aortic tissue. Thus detailed research of NG might be needed as to either increased the dose of NG or longer duration of treatment might be considered for NG to be effective in managing diabetes in delayed presentation.
